Abstract-The interpretation of noble gas concentrations in groundwater with respect to recharge temperature and fractionated excess gas leads to different results on paleo-climatic conditions and on residence times depending on the choice of the gas partitioning model. Two fractionation models for the gas excess are in use, one assuming partial re-equilibration of groundwater supersaturated by excess air (PR-model, Stute et al., 1995) , the other assuming closed-system equilibration of groundwater with entrapped air (CE-model, Aeschbach-Hertig et al., 2000) . In the example of the Continental Terminal aquifers in Niger, PR-and CE-model are both consistent with the data on elemental noble gas concentrations (Ne, Ar, Kr, and Xe 
INTRODUCTION
Noble gas concentrations in groundwater have been employed to provide information on paleotemperatures (e.g., Aeschbach-Hertig et al., 2000; Andrews and Lee, 1979; Beyerle et al., 1998; Mazor, 1972; Stute et al., 1995; Weyhenmeyer et al., 2000) and on residence times in aquifers ( 3 H-3 He dating e.g., Schlosser et al., 1988; Schlosser et al., 1989; Tolstikhin and Kamenskiy, 1969; 4 He dating e.g., Andrews and Lee, 1979; Solomon, 2000) . In addition to applications in paleo-climate and dating studies, noble gases can serve as excellent tools to study gas exchange between the atmosphere and groundwater because noble gases are not affected by biogeochemical transformations. The interpretation of noble gas concentrations in groundwater has been improved in the last years and rigorous least squares methods are now available Ballentine and Hall, 1999) which allow the estimation of e.g., recharge temperature by considering the noble gases Ne, Ar, Kr, and Xe simultaneously.
In most aquifers noble gas concentrations are higher than the concentrations expected at atmospheric solubility equilibrium. This gas excess, commonly called "excess air" (Heaton and Vogel, 1981) , must be considered in the calculation of recharge temperature (Stute and Schlosser, 1993) and in the calculation of tritiogenic 3 He for dating purposes (Schlosser et al., 1989) . The name "excess air" however is misleading because in many aquifers (e.g., Aeschbach-Hertig et al., 2000; Stute et al., 1995) the gas excess does not have the same composition as atmospheric air but the heavier noble gases are enriched compared to the lighter ones. In several aquifers the amount and composition of the gas excess varies systematically over time and might provide additional information on past climatic conditions related to changes in recharge dynamics (AeschbachHertig et al., 2001; Stute and Talma, 1998, Beyerle et al., in press ).
Although gas excess appears to be very common in groundwaters its formation is still not well understood in detail. Two different simplified models describing the formation of excess air and its fractionation Stute et al., 1995) have been employed to account for the excess of noble gases in paleo-climatic studies and in 3 H-3 He dating applications. The two gas exchange models differ in their assumptions on how excess air is formed and on the mechanisms responsible for fractionation.
Because the choice of the gas exchange model affects the results on paleotemperatures and on 3 H- 3 He water ages, it is necessary to decide on the basis of the available data which of the two models should be applied. However, in most groundwaters the number of elemental noble gas concentrations which can be employed in the inverse fitting procedure to simultaneously estimate recharge temperature, gas excess and its fractionation is limited to four, namely Ne, Ar, Kr and Xe. Unfortunately He, which is the most sensitive of all noble gases to the choice of the gas exchange model, usually cannot be included in the fitting procedure because it has significant additional non-atmospheric sources which cannot be quantified independently.
In this study we demonstrate that the empirical constraints on the gas exchange models can be improved significantly by considering the concentrations of noble gas isotopes and isotope ratios in addition to the commonly used elemental con-centrations of noble gases. In particular, including Ne isotopes proves to be very useful in distinguishing between different gas exchange models. The interpretation of data on noble gas isotopes with respect to excess air and its fractionation is demonstrated using noble gas data from the Continental Terminal aquifers in Niger (Beyerle et al., 2002) .
THEORY AND METHODS

Gas Exchange Models and their Sensitivity to Noble Gas Concentrations
The most simple explanation for the excess of dissolved atmospheric gases in groundwater is that initially the gasconcentrations in the groundwater are in equilibrium with the atmosphere and that gas bubbles with atmospheric gas composition are trapped and completely dissolved, introducing excess gases in the same ratio as in the atmosphere into the water. This assumption, which we refer to as the unfractionated excess air (UA) model, has been used in most paleoclimatic studies based on noble gas concentrations from groundwaters (e.g., Andrews and Lee, 1979; Heaton and Vogel, 1981; Stute and Schlosser, 1993) . However, recent studies have shown that the gas excess can be fractionated compared to the atmospheric gas composition. Two models have been developed to describe this situation, the partial re-equilibration model (PR-model) by Stute et al. (1995) , and the closed system equilibration model (CEmodel) by Aeschbach-Hertig et al. (2000) . In the following we briefly describe the underlying model assumptions and their consequences on the noble gas concentrations and fractionation.
The PR-model assumes that initially the trapped air bubbles dissolve completely, as in the UA-model. The initial excess air suggested by the model can correspond to gas concentrations which are several times larger than the atmospheric equilibrium concentrations (e.g., Stute et al., 1995) . This also implies that e.g., initial oxygen levels in groundwater might be significantly above atmospheric equilibrium which would have consequences on groundwater ecology and water quality. According to the model, the gas excess in the water leads to a diffusion of gas out of the water across the groundwater table and diffusion is assumed to be at molecular level. Because the molecular diffusivities of the noble gases decrease with atomic mass, the light noble gases are lost much faster than heavier ones (Table  1a) . This process increases the ratio of heavy to light noble gas concentrations in the water and thus leads to the typical fractionation pattern of the noble gas composition in the gas excess of groundwater. Some of the fractionated gas excess remains in the groundwater because infiltration and groundwater flow eventually move the water away from the air/water interface, preventing further gas loss by diffusion.
Conceptually, the model assumes a partial re-equilibration of water which was initially over-saturated by air with atmospheric composition. The effect of the PR-model on the dissolved gas concentration i can be described by (AeschbachHertig et al., 1999 , reformulation of the model by Stute et al., 1995) :
where C * i is the equilibrium concentration between atmosphere and water at atmospheric pressure P, water temperature T and salinity S during air water partitioning. The equilibrium concentration is determined using the Henry coefficient of the gas considered. Details on the calculation of C * i are given in Aeschbach-Hertig et al. (1999) . z i is the atmospheric volume fraction of noble gas i in dry air, D i is its molecular diffusivity, and D Ne is the molecular diffusivity of Ne. A pr is the amount of initial excess air and F pr is the fractionation parameter which must be positve. F pr can be interpreted as being proportional to the time during which the initial gas excess is lost to the atmosphere. In most cases T, A pr and F pr are treated as fit parameters whereas P and S are commonly prescribed as present day atmospheric pressure and present day salinity of the infiltrating water (for meteoric water SϷ0). Note, that for F pr ϭ 0 (1) reduces to the UA-model.
As in the UA-and PR-models, Aeschbach-Hertig et al. (2000) assume that the gas-concentrations in the recharging water initially are in equilibrium with the atmosphere at atmospheric pressure and soil temperature and that bubbles of at- Table 1a . Partial pressure in the atmosphere, equilibirum concentration C* and molecular diffusivities D of noble gases and their isotopes at different temperatures. Equilibrium concentrations are given for freshwater with S ϭ 0 ‰ at P ϭ 1 atm of moist air. C* are calculated from the solubilities for 3 He, 4 He, Ne, Ar, and Kr (Benson and Krause, 1980; Weiss, 1970; Weiss, 1971; Weiss and Kyser, 1978) , and the solubilities for Xe (Clever, 1979) using the correction for moist air . C* of 22 Ne and 36 Ar are calculated from the equilibirum concentration of Ne and Ar using the fractionation factors given by Beyerle et al. (2000a) . Solubilities of 20 Ne and 40 Ar are assumed to correspond to the solubilities of Ne and Ar, respectively. Volume fractions in dry air are taken from Ozima and Podosek (1983) and molecular diffusivities were calculated from the empirical relations of Jähne et al. (1987) mospheric air are trapped. However, instead of assuming complete dissolution of bubbles, they postulate that a reservoir of entrapped gas remains in the quasi-saturated zone. Water and entrapped gas are thought to form a closed system which equilibrates at hydrostatic pressure and surrounding soil temperature. This process changes the concentrations and the relative composition of noble gases in the groundwater and in the entrapped gas. The gas concentrations in the water resulting from the closed-system equilibration can be described by (CEmodel, Aeschbach-Hertig et al., 2000) :
The parameter A ce describes the initial STP-volume of dry air in the trapped gas per unit mass of water and the parameter F ce describes the reduction of the volume of entrapped air A ce due to partial dissolution and compression of the gas volume. The value of F ce is restricted to the interval between 0 and 1, where F ce ϭ 0 implies unfractionated excess air and F ce ϭ 1 implies no gas excess. As in the PR-model, temperature T and the parameters determining the gas excess and its fractionation, A ce and F ce , are usually treated as fit parameters whereas P and S at recharge are prescribed. The UA-model, assuming complete dissolution of the entrapped air without subsequent gas loss, corresponds to the limiting case of the PR-and CE-models with no fractionation (F pr ϭF ce ϭ0). In this case, A pr in the PR-model and A ce in the CE-model assume the same value and the predicted recharge temperature T is the same in both models. However, if the gas excess is fractionated compared to the atmospheric gas composition, predictions based on the PR-and the CE-model differ significantly.
According to the PR-model fractionation of the gas excess is solely due to differences in the molecular diffusivities between the gases:
where ⌬C ϭ (C-C*) is the gas excess, and the ratio of the excess of gas A to the excess of gas B is a measure of fractionation. Excess gas only exists if A pr 0. Choosing A and B such that D A Ͼ D B , the ratio of the gas excess ⌬C A /⌬C B tends to 0 for F pr 3 ϱ. If F pr 3 0 excess air has atmospheric composition (⌬C A /⌬C B ϭ z A /z B ). The ratio of the dissolved gas concentrations C A /C B can range between 0 (A pr 3 ϱ and F pr 3 ln{A pr /C A * }·D Ne /D A ), the maximum of z A /z B (A pr 3 ϱ and F pr ϭ 0), and C A * /C B * (A pr ϭ 0 or F pr 3 ϱ; i.e., no gas excess exists). Note that the limits given above are those for model Eqn. 1 but that the underlying physical concept breaks down at very large values of A pr because the initial ratio of air to water volume becomes unreasonably large. Figure 1a demonstrates how the concentration ratio of 20 Ne to 22 Ne, C 20Ne /C 22Ne , depends on excess air and fractionation in the PR-model, i.e., on the parameters A pr and F pr . At given A pr , C 20Ne /C 22Ne decreases with increasing F pr until a minimum concentration ratio is reached and then increases again to finally approach atmospheric equilibrium at large F pr . The larger the amount of initial excess air A pr the lower the minimum of C 20Ne /C 22Ne .
In the CE-model, fractionation does not depend on molecular diffusivities but on the differences in the Henry coefficients between the gas species and the ratio of water volume to volume of entrapped air:
and A ce 0 (4) where the dependence on the Henry coefficients is implicitly contained in the equilibrium concentrations C A * and C B * (Aeschbach-Hertig et al., 1999) and the dependence on water volume and volume of entrapped air is contained in the parameters F ce and A ce . Eqn. 4 assumes F ce 1 and A ce 0 because only then excess gas exists. ⌬C A /⌬C B ranges between C A * /C B * (A ce 3 ϱ, F ce 0) and the ratio in unfractionated air z A /z B (F ce ϭ 0). In contrast to the PR-model, the ratio of the dissolved gas concentrations C A /C B in the CE-model cannot approach 0 but must range between C A * /C B * (F ce ϭ 1 or A ce ϭ 0) and z A /z B (F ce 3 0, A ce 3 ϱ and F ce ·A ce 3 0). Note that the physical concept underlying the CE-model breaks down for A ce 3 ϱ. Fig. 1b shows how the concentration ratio C 20Ne /C 22Ne varies with A ce and F ce . At given A ce , the concentration ratio C 20Ne / C 22Ne decreases monotonically with the parameter F ce and reaches C A * /C B * at F ce ϭ 1. The concentration ratio at F ce ϭ 0 increases with increasing A ce but cannot exceed z 20Ne /z 22Ne .
Eqn. 3 and 4 imply that noble gases with Henry coefficients of similar magnitude but with very different molecular diffusivies should react much more sensitive to fractionation according to the PR-model than the CE-model and could be used to test which model is applicable. Because of the very large molecular diffusivity of He (Table 1) , the model choice especially affects the predicted ratio between He and the heavier noble gases (Ne, Ar, Kr, Xe). This is particularly important in 3 H- 3 He groundwater dating, where the 3 He contribution of atmospheric origin, 3 He atm , has to be known. In case of fractionated excess air 3 He atm and consequently the 3 H- 3 He water age derived depend strongly on the gas exchange model em- Table 1b . Ratios of partial pressure in the atmosphere, of equilibirum concentration and of molecular diffusivity at different temperatures for selected noble gas istotopes and Ar and Ne. volume fraction Ar in the gas excess should remain between the atmospheric ratio and the ratio at atmospheric solubility equilibrium if fractionation occurs according to the CE-model, but might be significantly smaller if the fractionation depends on the differences in molecular diffusivities (PR-model). Because the 3 He/ 4 He ratio is affected by radiogenic/tritiogenic and terrigenic sources and the 36 Ar/ 40 Ar ratio is also influenced by terrigenic sources in aquifers with very large groundwater ages (e.g., Beyerle et al., 2000b; Torgersen et al., 1989) , the 20 Ne/ 22 Ne ratio is the most reliable noble gas isotope ratio to test the fractionation models. The 36 Ar/ 38 Ar ratio could in principle also be used, although it is less sensitive to fractionation than the 20 Ne/ 22 Ne ratio, but to our knowledge it has never been measured in groundwater studies, due to the high experimental requirements (good mass resolution needed to separate 38 Ar from 40 Ar). Although molecular diffusivities differ much more between heavy noble gases and Ne than between 20 Ne and 22 Ne (Table 1) , the 20 Ne/ 22 Ne ratio is best suited to distinguish between the PR-and the CE-model because its dependence on recharge temperature is negligible and the 20 Ne/ 22 Ne ratio can be measured with a much higher precision (typically 0.2%) than the concentrations of elemental noble gases (typically 1 to 2%).
Analysis of Noble Gas Data using the Software NOBLE
Noble gas data analysis with respect to recharge temperature, excess air and its fractionation is commonly performed by inverse fitting based on 2 -minimization, which takes the error of the measurements into account . The new fitting program Noble developed for this study extends the original fitting procedure of Aeschbach-Hertig et al. (1999) by incorporating the CE-model and including the possibility to consider not only elemental noble gas concentrations but also concentrations of noble gas isotopes and noble gas isotope ratios. Commonly the three unknown parameters T, A pr , F pr or T, A ce , F ce , respectively, are estimated from 4 observables, i.e., the concentration of Ne, Ar, Kr and Xe. Pressure P and salinity S at recharge are prescribed. Considering the 20 Ne/ 22 Ne and/or the 36 Ar/ 40 Ar ratios in addition to the elemental concentrations increases the number of observables and hence allows to estimate additional parameters (e.g., P if the location of recharge is unknown) or can be used to improve the constraint on the fit parameters.
Noble extends the original parameter set employed in Aeschbach- by including optional parameters that describe the concentrations of terrigenic 4 He and tritiogenic 3 He, as well as the terrigenic 3 He/ 4 He ratio. An additional scaling parameter enables analysis based on the relative concentrations of the noble gases if the scaling of the absolute concentrations is unknown (e.g., unknown sample weight). A similar scaling technique has been used to interpret noble gas data from natural gas deposits where the degassing water volume is unknown . Furthermore, Noble supports ensemble fitting, i.e., the model parameters can be fitted not only to the gas concentrations of individual water samples separately but also to the concentrations from an ensemble of samples simultaneously. Thereby some of the fit parameters can be assumed to have the same value for all samples while other parameters may differ between samples. Propagation of the error of the measurements is performed by linear error propagation and optionally by a Monte-Carlo procedure to provide errors of the fit parameters. Both methods assume that measurement errors are normally distributed and independent. Noble calculates the probability p( 2 ) for the minimum 2 obtained from the fitting to be observed at the given number of freedoms. This provides the possibility to apply a 2 -test to the models. Noble provides the probability p( 2 ) for each water sample separately and for the entire data set p( 2 set ), where 2 set is the sum of the 2 values obtained for the samples of the data set. NOBLE will be made available on the Internet (http://www.eawag.ch/research_e/wϩt/UI/ noblegasmethod.html).
STUDY AREA AND DATA
Details on the study area and an extended data set are given in Beyerle et al. (2002) . In brief, groundwater samples were taken from the Continental Terminal (CT) aquifers located in south-western Niger, Africa, between 12.5 to 14.5°N and 2.5 to 4.5°E (Fig. 2) . Within the CT formation three different aquifer compartments can be distinguished (CT3, CT2, CT1). CT3 is mostly unconfined, whereas CT2 and CT1 are confined. The Continental Terminal aquifer system is separated against the underlying Continental Intercalaire aquifer (CI) by massive low-permeable sediments mainly consisting of clays (Andrews et al., 1994) . The altitude of the investigated area is almost constant increasing only slightly from 200 m to 300 m a.s.l. in north-easterly direction. The recharge area of the CT2 aquifer is located in the northern part of the study area and has an average altitude of 300 m a.s.l whereas the recharge areas of the CT1 and CI aquifers are further to the north at a mean altitude of ϳ350 to 400 m.
Groundwater samples were collected in April 1999 and June 2000 from drinking water wells either operated by manual pumps or by electric submersible pumps. In all samples, concentrations of the noble gas isotopes 3 Figure 3 compares the model results from the PR-and the CE-model on recharge temperature for the CT aquifers derived by inverse fitting of the concentrations of Ne, Ar, Kr and Xe. Recharge temperatures are displayed as function of terrigenic 4 He ( 4 He ter ), which can be interpreted as a qualitative measure of groundwater residence time because 4 He ter (here of crustal origin) accumulates over time. 4 He ter is the difference between the measured 4 He concentration and the concentration of 4 He of atmospheric origin ( 4 He atm ) determined from the PR-and the CE-model respectively. The concentration of atmospheric origin is defined as the sum of two contributions: the atmospheric equilibrium concentration at T, S and P and the concentration due to fractionated excess air.
RESULTS AND DISCUSSION
Comparison of Gas Exchange Models
The model assuming unfractionated excess air has to be rejected according to the 2 -test, making it necessary to account for fractionation. Both the PR-model and the CE-model predict Ne, Ar, Kr and Xe concentrations compatible with the data. The PR-model (open symbols, Fig. 3 ) yields systematically higher recharge temperatures than the CE-model (solid symbols, Fig.  3 ; nϭ7) is about the same for the PR-model (⌬T ϭ 4.0°C Ϯ 1.8°C) and the CE-model (4.8°C Ϯ 1.3°C). A thorough discussion of paleo-climatic conditions in Niger based on a more comprehensive data set on tracers from the CT Aquifers is given elsewhere (Beyerle et al., 2002) . Here we focus on the use of Ne isotopes to distinguish between the two models. Figure 4 compares the measured 20 Ne/ 22 Ne (Fig. 4a) (Ozima and Podosek, 1983) (Fig. 4a dashed lines, z 20Ne /z 22Ne ) and the isotopic ratio at atmospheric equilibrium (Beyerle et al., 2000a) (Fig. 4a dotted with a value between the corresponding ratios in the atmosphere and at atmospheric equilibrium ( Table 2) . As discussed above, fractionation described by the CEmodel always predicts isotopic ratios in the range between the values for air and atmospheric equilibrium. The PR-model however may predict isotopic ratios below this range as is demonstrated in the case of the CT Aquifers (Fig. 4 open symbols, Table 2 ).
The constraint on the fit-parameters T, A and F can be increased if the measured 20 Ne/ 22 Ne ratio is included as an observable in addition to the noble gas concentrations of Ne, Ar, Kr, and Xe. Using this extended data set, the CE-model yields a good fit (p( 2 set ϭ67) Ϸ 11%), whereas the PR-model has to be rejected (p( 2 set ϭ440) ϽϽ 1%). This result reflects the fact that the measured 20 Ne/ 22 Ne ratios agree better with the predictions according to the CE-model than with the predictions according to the PR-model.
The best fit values for the parameters of the CE-model derived for the extended data set with the 20 Ne/ 22 Ne ratio included are essentially the same as those derived from the elemental concentrations of Ne, Ar, Kr and Xe only. In contrast, including the 20 Ne/ 22 Ne ratio reduces the best fit values for F pr of the PR-model by a factor of 10, resulting in F pr ranging from 0 to 0.27 with a mean of F pr ϭ 0.1 Ϯ 0.1. This implies that the predicted fractionation is small and that the PR-model essentially reduces to the UA-model. The constraint provided by the measured Ne isotopes ratios rules out significant diffusive gas loss.
Because the PR-model is incompatible with the data when considering measured 20 Ne/ 22 Ne ratios, only the CE-model adequately describes the gas exchange in the CT aquifers. Thus in case of the CT aquifers the parameters describing recharge temperature, gas excess and its fractionation derived by inverse fitting of Ne, Ar, Kr, Xe and the 20 Ne/ 22 Ne ratio using the CE-model should be employed in the discussion of paleoclimatic change and for the calculation of 3 He atm and 4 He atm for dating purposes.
Observed 20 Ne/ 22 Ne ratios fall within the range between the ratio in the atmosphere and the ratio at atmospheric equilibrium not only in the CT aquifers of Niger but also in other aquifers where fractionated excess gas has been reported. AeschbachHertig et al. (2000) analysed four data sets, but Ne isotope data are unfortunately available only for two of them (Belgium and Oman). In both cases no significant fractionation of the Ne isotopes was observed, e.g., in northern Oman (Weyhenmeyer et al., 2000) the 20 Ne/ 22 Ne ratio measured in 9 samples ranges between 9.763 and 9.865 with a mean of 9.795 Ϯ 0.029. This supports the applicability of the CE-model in noble gas based paleo-studies and for groundwater age dating. However, it does not necessarily exclude the PR-model. The PR-and the CEmodel only describe the mean effect of gas exchange on noble gases and do not resolve details on the interaction between gas excess, entrapped air and recharging groundwater. Therefore, it is still unclear which environmental conditions lead to the noble gas pattern described by the PR-model and which result in the noble gas pattern described by the CE-model. Thus, 4 He ter can be interpreted as a qualitative groundwater age, because in groundwaters terrigenic helium accumulates over time.
593
Improving paleoclimate reconstruction and groundwater dating whether the PR-or the CE-model should be applied in a specific aquifer can be judged only from data on concentrations of noble gases and their isotopes. (Ozima and Podosek, 1983) together with the 3 He and 4 He solubilities (Benson and Krause, 1980; Weiss, 1971) by employing an appropriate gas exchange model (e.g., the PR-or the CE-model) where model parameters describing gas excess and fractionation have been estimated by inverse fitting of noble gas concentrations. In case of the CT aquifers in Niger estimated 3 He atm and 4 He atm differ substantially between the PR-and CE-model if the inverse fitting procedure is based only on the elemental concentrations of Ne, Ar, Kr and Xe (Fig.  5a , Table 3 3 He tri are assumed to be the same for all water samples, i.e., for the data ensemble. Isotope ratios in the atmosphere (Ozima and Podosek, 1983) 9.8000 3.384
Dating Applications
Isotope ratios in atmospheric equilibrium (Beyerle et al., 2000a) , which all infiltrated at similar temperatures of ϳ32°C (see Fig. 2a 3 He tri corresponds to the concentration of prebomb tritium at the groundwater table. Prebomb 3 H close to zero is reasonable because radioactive decay during the water transport through the large unsaturated zone of the CT aquifers substantially reduces the tritium concentration reaching the saturated zone (Brennwald et al., 2001 ). 4 He ter is different for each sample and can be used as a qualitative groundwater age as in Figure 3 . In previous studies (e.g., Aeschbach-Hertig et al., 2000; Kipfer et al., 1994; Kipfer et al., 1996) (Fig. 6b) . Such a procedure assumes that all measured ratios can be interpreted as a mixture between a terrigenic component with constant ( 3 He/ 4 He) ter and (Ne/ He) ter ϭ 0, and a combined atmospheric/tritiogenic component with constant composition given by ( 3 He atm ϩ 3 He tri )/ 4 He atm and Ne atm /He atm . Although these assumptions are not strictly fulfilled, the variations in the atmospheric/tritiogenic endmember (due to varying T, A, F, and 3 He tri ) are relatively small compared to the effect of the terrigenic component. Therefore this approach yields a useful estimate of ( 3 He/ 
